High-frequency internal waves and thick bottom mixed layers observed by gliders in the Gulf Stream by Todd, Robert E.
Geophysical Research Letters
High-frequency internal waves and thick bottommixed
layers observed by gliders in the Gulf Stream
Robert E. Todd1
1Department of Physical Oceanography, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts, USA
Abstract Autonomous underwater gliders are conducting high-resolution surveys within the Gulf
Stream along the U.S. East Coast. Glider surveys reveal two mechanisms by which energy is extracted from
the Gulf Stream as it ﬂows over the Blake Plateau, a portion of the outer continental shelf between Florida
and North Carolina where bottom depths are less than 1000 m. Internal waves with vertical velocities
exceeding 0.1 m s−1 and frequencies just below the local buoyancy frequency are routinely found over
the Blake Plateau, particularly near the Charleston Bump, a prominent topographic feature. These waves
are likely internal lee waves generated by the subinertial Gulf Stream ﬂow over the irregular bathymetry of
the outer continental shelf. Bottom mixed layers with O(100) m thickness are also frequently encountered;
these thick bottommixed layers likely form in the lee of topography due to enhanced turbulence generated
by O(1) m s−1 near-bottom ﬂows.
1. Introduction
As a subtropical western boundary current, the Gulf Stream is a major reservoir of oceanic kinetic energy
[e.g.,Wyrtki et al., 1976], which is input globally by winds and tides at rates of approximately 1 TW [Wunsch,
1998] and 3.5 TW [Munk and Wunsch, 1998], respectively. Understanding mechanisms by which the ocean’s
kinetic energy is ultimately lost through friction or dissipated through mixing (i.e., converted to potential
energy) to maintain the observed abyssal stratiﬁcation is a central theme in physical oceanography. Rather
than mixing and dissipation being uniform over the world’s oceans [e.g.,Munk, 1966], a number of observa-
tional programs over the past decades have demonstrated that enhanced mixing occurs where strong ﬂows
encounter topographic features, generating internal waves that break locally or farther away and inducing
turbulent mixing in the lee of topography. Thus far, these studies have focused primarily on tidal ﬂows over
ridges or sills [e.g., Polzin et al., 1997; Rudnick et al., 2003; Klymak et al., 2006; Martin and Rudnick, 2007; Cole
et al., 2009;Alford et al., 2011; Rudnick et al., 2013], abyssal ﬂows over topography [e.g., Polzin et al., 1996; Ferron
et al., 1998], and the Antarctic Circumpolar Current as it encounters topography [e.g., St. Laurent et al., 2012];
here we show that similar transfer of energy from the large-scale ﬂow to internal waves and near-bottom
mixing occurs as the Gulf Stream ﬂows along the continental margin.
Before separating from the continental margin near Cape Hatteras, the Gulf Stream ﬂows over the varied
bathymetry of the Blake Plateau (Figure 1a) [Pratt andHeezen, 1964] where water depths are less than 1000m
and bottom velocities of approximately 0.25 m s−1 were ﬁrst measured by Pratt [1963]. Near 31.5∘N, 79∘W, a
ridge and trough feature in the continental slope, referred to as the Charleston Bump (Figure 1b), is known to
deﬂect the path of the Gulf Stream [e.g., Brooks and Bane, 1978]. Recent numerical simulations by Gula et al.
[2015] have shown that the Charleston Bump steers the Gulf Stream through bottom pressure torque and
plays a signiﬁcant role in transfer of energy between eddies and the mean ﬂow.
The response of ﬂow to encountering topographic features depends on the size of the obstacle relative to
the ﬂow speed and stratiﬁcation as characterized by the topographic Froude number, Ftopo ≡ U∕NH, where
U is the near-bottom ﬂow speed, N is the near-bottom stratiﬁcation, and H is the height of the obstacle
[Bell, 1975;Gill, 1982;Klymaketal., 2010]. For topographic Froudenumbersgreater thanunity, small-amplitude
linear lee waves form [e.g., Bell, 1975]. As the topographic Froude number becomes smaller than unity, lee
wavesbecomenonlinear [e.g.,MilesandHuppert, 1968, their FiguresA1–A4] and streamlines canbecomestat-
ically unstable in a stratiﬁed hydraulic jump downstream of the obstacle [Klymak et al., 2010]. Dossmann et al.
[2016]pointout that signiﬁcant radiationof leewavesonlyoccurswhen the lateral FroudenumberFL≡U∕NL is
less thanO(1) for a horizontal topographic scale L; ﬂow over the Blake Plateau and Charleston Bumpgenerally
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Figure 1. (a) Bathymetry of the outer continental shelf from the Florida Strait to near Cape Hatteras including the Blake
Plateau and Charleston Bump (magenta box in Figures 1c–1e) with grey isobaths every 50 m and the 200, 500, and
1000 m isobaths drawn black. (b) Detail of the bathymetry of the Charleston Bump, corresponding to the magenta
box in Figure 1a. The color scale for shaded bathymetry is common for all panels. (c) Trajectories of completed Spray
glider missions in and near the Gulf Stream from 2004 to early 2017 with summary statistics. (d) Number of glider dives
within 0.5∘× 0.5∘ boxes. (e) Grand averages of potential temperature at 200 m (𝜃200) and vertically averaged currents
in 0.5∘ × 0.5∘ boxes. A scale vector is shown near 30∘N, 70∘W. In Figures 1c–1e, the 200, 500, and 1000 m isobaths
are drawn grey.
satisﬁes this criterion. Both breaking of the internal waves and static instability lead to mixing and energy
dissipation.Dossmannet al. [2016] examined the ﬂow response over a range for topographic Froude numbers
in laboratory experiments, ﬁnding that near-bottom mixing occurs for a wide range of topographic Froude
numberswhile resonance between the background ﬂowand internal leewaves leads to radiation and remote
mixing only for Ftopo∼1–2.Nikurashin and Ferrari [2011] recently estimated that about 20%of thewind power
input to the global ocean can be accounted for by energy conversion from geostrophic ﬂows to internal
lee waves in the deep ocean, but possible energy conversion over the relatively shallow Blake Plateau and
Charleston Bump were not part of their analysis.
High-resolution surveys of the Gulf Stream from autonomous underwater gliders reveal that large-amplitude,
high-frequency internal lee waves and thick bottom mixed layers commonly occur where the Gulf Stream
ﬂows over the outer continental shelf southwest of Cape Hatteras. The remainder of this paper is organized
as follows: section 2 describes glider observations in the Gulf Stream, section 3.1 characterizes observed lee
waves, section 3.2 discusses bottommixed layers, and section 4 summarizes the results and implications.
2. Glider Observations in the Gulf Stream
Spray underwater gliders [Sherman et al., 2001] ﬁrst surveyed across the Gulf Stream downstream of Cape
Hatteras from 2004 to 2009; those glidermissions are described by Todd et al. [2016]. Since 2015, Spray gliders
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have been surveying the Gulf Stream between Miami, Florida and New England. These missions typically
begin with deployment from a small boat a few miles oﬀshore of Miami in the Florida Strait at approxi-
mately 25.75∘N, 80.0∘W, and recovery is intended to be over the continental shelf south of Woods Hole,
Massachusetts. The current samplinggoal is to collectmeasurements along approximately 10 transects across
the Gulf Stream during each glider mission. Since the 0.25 m s−1 horizontal speed of a glider through the
water ismuch less than the vertically averaged speed of theGulf Stream,which can exceed 1m s−1, gliders are
advected downstream as they cross the Gulf Stream, resulting in zigzag sampling patterns over the bottom
(Figure 1c). Gliders are often navigated upstream relative to the Gulf Stream in more quiescent waters on
either side of the boundary current. In a coordinate system moving with the water, the cross-Gulf Stream
glider transects are approximately orthogonal to the ﬂow.
Here we use observations from 10 Spray glider missions completed between 2004 and early 2017. We refer to
the missions using a shorthand that includes the year and month of deployment and glider serial number as
YYMSSS, where YY is the last two digits of the year, M is themonth in hexadecimal, and SSS is the glider’s serial
number. Observations in this analysis are from missions 049007, 056007, 05C007, 08B021, 154010, 157055,
15A065, 15C066, 168066, and 16B056. Trajectories and summary statistics for these missions are shown in
Figure 1c.
Each glider was equipped with a pumped Sea-Bird 41CP conductivity-temperature-depth (CTD) instrument,
andmissions157055, 15A065, 15C066, 168066, and16B056additionally carriedSeapoint chlorophyll ﬂuorom-
eters plumbed in line with the CTDs and 1 MHz Nortek AD2CP Doppler current proﬁlers. The gliders sampled
the upper 1000 m of the water column or to within several meters of the bottom in shallower water; to avoid
hitting the seaﬂoor, gliders with AD2CPs detected the bottom acoustically and maximum dive depths for
gliders without AD2CPs were chosen based on bathymetric maps. Dives from the surface to 1000m and back
to the surface typically lasted about 5.5 h. Vertically averaged currents were estimated from the diﬀerence
between dead-reckoned and GPS-measured displacement during each dive as is typically done for under-
water gliders [e.g., Todd et al., 2009]. Pressure, temperature, salinity, and chlorophyll ﬂuorescence were mea-
sured every 8 s during ascent, resulting in vertical resolution of about 0.8 m. The AD2CPs collected relative
velocity measurements in ﬁfteen 2 m bins below the gliders from 8-ping ensembles every 30 s during
ascent. Following Todd et al. [2017], AD2CP measurements were quality controlled and combined with verti-
cally averaged current estimates to produce vertical proﬁles of absolute horizontal velocity using an inverse
method.
Cross-Gulf Stream transects frommission 15A065 (Figure 2) illustrate how the glider observations capture the
along-stream evolution of the Gulf Stream from its origins in the Florida Strait to downstreamof its separation
from the continental slope at Cape Hatteras, North Carolina. Following Todd et al. [2016], observations from
each transect are shown as functions of cross-stream distance, which is determined by constructing a local
streamwise coordinate system at the location of each glider dive with the downstream direction deﬁned by
themeasured vertically averaged current; the origin of the cross-stream coordinate is taken to be the location
at which the 15∘C isotherm is found at a depth of 200 m [Fuglister and Voorhis, 1965]. Expected cross-frontal
temperature and salinity gradients arewell resolved by the high cross-stream resolution; the subsurface salin-
ity maximum on the seaward side of the Gulf Stream [Toole et al., 2011; Qu et al., 2013; Todd et al., 2016] can
be traced from the Florida Strait to well downstream of Cape Hatteras (Figures 2e–2h). Downstream velocity
structure from the glider-based AD2CP is consistent with previous direct velocity observations [e.g., Halkin
and Rossby, 1985; Rossby and Zhang, 2001; Shoosmith et al., 2005] and geostrophic estimates [e.g., Todd et al.,
2016] with a tilted Gulf Stream core, increasing speed and volume transport downstream, near-surface veloc-
ities exceeding 2 m s−1 downstream of Cape Hatteras (Figures 2i–2l), and oppositely directed (equatorward)
ﬂow beneath the Gulf Stream near Cape Hatteras (Figure 2k) as the Deep Western Boundary Current crosses
under the Gulf Stream [Pickart and Smethie, 1993].
We combine observations from the 10 glidermissions by averaging observations from the 6246 distinct glider
dives into 0.5∘ × 0.5∘ boxes. Figure 1d shows the number of dives in each box. Observations are reasonably
dense along the path of the Gulf Stream from Miami to Cape Hatteras and between the New England con-
tinental shelf and Bermuda, where trajectories from multiple missions overlapped (Figure 1c) but are more
sparse farther downstream (northeast) and in areas where only a single glider has sampled. Where we report
average values of derivedquantities in speciﬁcboxes in the text below,we report the standarddeviationof the
quantity of interest divided by the square root of the number of estimates as the standard error of the mean.
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Figure 2. Example cross-Gulf Stream transects of (a–d) potential temperature, (e–h) salinity, and (i–l) downstream
velocity from Spray glider mission 15A065. Transects are progressively farther downstream from top to bottom with
inset maps in the left column showing the glider’s track in grey with the corresponding transect highlighted in red.
Black contours indicate isopycnals with a contour interval of 1.0 kg m−3 and the 26.0 kg m−3 isopycnal bold. Along-
stream volume transports for each transect are given in Figures 2i–2l, where the integration includes only positive
(downstream) velocity estimates to isolate Gulf Stream ﬂow. Grey shading indicates the location of the seaﬂoor
using the AD2CP’s altimeter functionality and a 100 m vertical scale is included in Figure 2f. Tick marks on the
upper axes of each panel indicate the locations of individual proﬁles.
Averages of potential temperature at 200 m and vertically averaged currents in 0.5∘ × 0.5∘ boxes show the
expected O(1) m s−1 ﬂow along the sharp temperature front of the Gulf Stream (Figure 1e). Spatially and tem-
porally sparse sampling results in transient Gulf Streammeanders and eddies appearing in these averages; for
instance, a large, anticyclonic warm core ring discussed by Cenedese et al. [2013] appears near 38∘N, 68∘W, as
does an anticyclone in the Sargasso Sea near 35∘N, 72∘W. However, in well-sampled areas, details of themean
Gulf Stream structure, such as its eastward deﬂection at the Charleston Bump near 31.5∘N [Brooks and Bane,
1978; Gula et al., 2015], are apparent. We anticipate that inclusion of observations from ongoing Spray glider
missions in the Gulf Stream will allow creation of a robust, high-resolution climatology of the Gulf Stream
along the U.S. East Coast.
3. Results and Discussion
3.1. High-Frequency Internal Waves
Theverticalmotionof gliderswasoften strongly inﬂuencedbywatermotion. As anexample, consider the time
series of measured depth and its time derivative from dive 137 of mission 15A065 (Figures 3a and 3b, blue),
which took place near 31.7∘N, 77.9∘W over the northern Blake Plateau (Figure 4, black circle). Throughout
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Figure 3. Example observations of internal waves from mission 15A065. Time series of (a) glider depth, (b) raw vertical
velocity of the glider ( dz
dt
), and (c) inferred vertical velocity of the water, respectively. Dive 137 is shown blue with the
preceding and following two dives shown in grey. (d) Vertical proﬁles from dive 137 of squared Brunt-Väisälä frequency
(N2) with oscillation period denoted (green), vertical velocity during the ascending (heavy blue) and descending
(thin blue) portions of the dive (blue, from Figure 3c, and horizontal current speed (red) with shading denoting the
root-mean-square error in velocity at the bottom of proﬁles from Todd et al. [2017]. The location of dive 137 is shown
in Figure 4.
the dive, the glider’s normally steady descent and ascent [cf. Rudnick and Cole, 2011, their Figure 3] was alter-
nately slowed and hastened by vertical watermotion. Preceding and following dives (Figures 3a and 3b, grey)
were similarly aﬀected, andgliders occasionally aborteddives (e.g., themissingdata at a cross-streamdistance
of 20 km in Figures 2b, 2f, and 2j) when they were unable to descend against the ambient ﬂow. The dive high-
lighted in Figure 3 was within the Gulf Stream where estimated horizontal velocities from the glider’s AD2CP
exceeded 0.75 m s−1 from the surface to within a few meters of the acoustically estimated bottom depth of
639 m (Figure 3d, red).
Following Rudnick et al. [2013], we use a model of glider ﬂight to determine each glider’s vertical speed
through the water. This model-based estimate is subtracted from the actual vertical speed of the glider esti-
mated from the rate of change of the glider’s depth (inferred from measured pressure; e.g., Figure 3b) to
estimate the vertical velocity of thewater throughout each glider dive (e.g., Figure 3c) with an estimated error
of 0.005 m s−1 [Rudnick et al., 2013]. For dive 137 of mission 15A065, inferred vertical velocity exhibits oscilla-
tionswith peak-to-trough ranges as large as 0.2m s−1 andperiods of 10–15min; adjacent dives show similarly
oscillating vertical velocities (Figure 3c, grey). Vertical velocity oscillations at this period are consistent with
internal waves at frequencies just below the local buoyancy frequency in the middle of the water column
(i.e., away from weakly stratiﬁed surface and bottom layers; Figure 3d, green). Assuming a simple sinusoidal
dependence on time, the vertical velocity oscillations are consistent with waves having peak-to-trough ver-
tical excursions of roughly 20–30 m. Large vertical velocities are found in the middle of the water column
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Figure 4. Amplitude and total energy of high-frequency internal waves. (a) Standard deviations of vertical velocities
from individual glider dives averaged in 0.5∘ × 0.5∘ boxes. (b) Vertically integrated internal wave energy averaged in
the same boxes. Bathymetry is as in Figure 1 with the 200, 500, and 1000 m isobaths drawn grey. The black circles
are centered on the location of the dive focused on in Figure 3.
(e.g., Figure 3d), consistent with wave energy propagating upward from generation sites at the seaﬂoor
upstream of the measurement site.
We use the standard deviation of inferred vertical velocity (e.g., Figure 3c) as a metric of internal wave
strength during each glider dive, and we average those standard deviations in 0.5∘ × 0.5∘ boxes (Figure 4a)
to map out high-frequency internal wave activity. With average standard deviations of vertical velocity of
0.037 ± 0.003 m s−1, the strongest internal waves, including the observations shown in Figure 3, are found
within the Gulf Stream near 31.75∘N, 78.25∘W as it passes over the rough topography associated with the
Charleston Bump. Vertical velocities also tended to be large immediately before the point at which the Gulf
Stream separates from the continental margin near Cape Hatteras where the upper slope is incised by many
small canyons. The intensity of high-frequency internal waves falls oﬀ markedly away from the Blake Plateau.
Weestimate theenergy inobserved internalwavesusing linear theory. Forwaveswith vertical velocitywgiven
byw=w0 cos(kx + ly +mz−𝜔t), with wave vector K⃗=(k, l,m) and constant amplitudew0, the frequency𝜔 is
related to the buoyancy frequency N by 𝜔=±N cos 𝜗, where 𝜗 is the angle between the wave vector K⃗ and
the horizontal plane [Munk, 1981; Pedlosky, 2003]. For 𝜔 ≈ N as in our observations (e.g., Figure 3), the wave
vector is nearly horizontal and the vertical wave number m is approximately zero. It follows that the kinetic
and potential energies averaged over a wave period are ⟨KE⟩ = ⟨PE⟩= 1
2
𝜌0w
2
0 and the total energy is simply
⟨E⟩= 𝜌0w20, with 𝜌0 a reference density [see Pedlosky, 2003, Lecture 8]. To estimate internal wave energy per
unit horizontal area for each glider dive, we simply multiply the variance (i.e., the mean square deviations) of
the vertical velocity time series (e.g., Figure 3c) by the dive depth and 𝜌0=1026 kg m−3.
For the dive highlighted in Figure 3, which sampled among the most energetic internal waves encountered,
total energy is estimated at 1630 J m−2. Average energy estimates in 0.5∘ × 0.5∘ boxes (Figure 4b) range as
high as 855 ± 132 J m−2. Highest internal wave energy is found near the Charleston Bump where internal
wave amplitudes are largest (Figure 4a) and modestly elevated internal wave energy is found farther down-
stream in the Gulf Stream; vertically integrated energy is lower along the upper continental slope due to the
shallower depth. For comparison, estimates of full-depth-averaged energy density for the Hawaiian Ridge
are 1–6 J m−3 at the 3000 m isobath [Lee et al., 2006, their Figure 4] and energy is concentrated in the ther-
mocline with energy densities of 20–40 J m−3 at depths of 100–334 m [Martin et al., 2006, their Figure 5];
integrated vertically, these energydensities are equivalent to energyper unit horizontal area of approximately
3000–18,000 Jm−2. The high-frequencywaves generated as the Gulf Stream ﬂows over the Blake Plateau and
Charleston Bumpmaybe 10–50%as energetic as those generatedby theM2 tide ﬂowingover themuchmore
prominent Hawaiian Ridge.
For a typical topographic height H of 100 m near the Charleston Bump (e.g., Figure 1b and bathymetry in the
second row of Figure 2), near-bottom velocities U of 0.5–1 m s−1 (e.g., Figures 2j and 3d), and near-bottom
buoyancy frequencies N of 2–7 × 10−3 rad s−1 (periods of approximately 15–60 min; e.g., Figure 3d), the
topographic Froude number for the Gulf Stream ﬂowing over the Blake Plateau varies from 0.7 to 5. For this
range of topographic Froude numbers, it is likely that the large-amplitude, high-frequency internal waves
encountered by gliders are internal lee waves generated by subinertial ﬂows with O(1) m s−1 near-bottom
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Figure 5. Bottom mixed layers over the Blake Plateau and Charleston Bump. Example proﬁles of (a) potential
temperature 𝜃, (b) salinity, (c) potential density 𝜎𝜃 , and (d) horizontal current speed from mission 157055 in the
vicinity of 32∘N, 79∘W. Proﬁles from dive 182 are shown blue with the preceding and following four dives shown
grey. Blue shading denotes the bottom mixed layer for dive 182. The red density proﬁle in Figure 5c is an estimated
“premixed” proﬁle for dive 182 with a density gradient of d𝜎𝜃
dz
= −0.002 kg m−3 m−1 below 217 m. (e) Observed
bottom mixed layer thicknesses and (f ) estimated changes in potential energy ΔPE required to form the mixed
layers averaged in 0.5∘ × 0.5∘ boxes. Only the region southwest of Cape Hatteras where gliders dove near the
seaﬂoor (inset region in Figure 1) is shown. The blue circles in Figures 5e and 5f show the location of the proﬁles
in Figures 5a–5d).
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velocities over the varied bathymetry of the Blake Plateau. The frequency𝜔 of such lee waves when following
the ﬂow is expected to be given by 𝜔= 𝜅U, where 𝜅 is a characteristic wave number of the bathymetry. For
the ranges of𝜔 and U observed near the Charleston Bump, the corresponding topographic wavelength (and
horizontal wavelength of resulting lee waves) would be O(1) km, suggesting that the observed lee waves
result from ﬂow over small scale bathymetric details. The estimated range of Ftopo for Gulf Stream ﬂow over
the Blake Plateau spans the parameter range in which Dossmann et al. [2016] found breaking lee waves to
contribute signiﬁcantly to mixing as steady ﬂows encounter topography.
3.2. BottomMixed Layers
Proﬁles of temperature, salinity, and density that reached the bottom often showed bottom mixed layers
that were several tens of meters thick and occasionally exceeded 100 m in thickness over the Blake Plateau.
Figures 5a–5d show an example from mission 157055 in which the bottom mixed layer thickness, Δzml, was
134 m as deﬁned by a potential density diﬀerence of 0.01 kg m−3 from the deepest observation (which was
measured 12m above the bottom for this dive). For this example, horizontal current speedwithin the bottom
mixed layer was approximately 0.7m s−1 (Figure 5d), indicating that the Gulf Stream reached to the bottom at
this location near the Charleston Bump. Averages of observed bottom mixed layer thicknesses in 0.5∘ × 0.5∘
boxes (Figure 5e) suggest that enhanced mixing is prevalent near the Charleston Bump, where averaged
mixed layer thickness is as large as 93 ± 10 m, and over deeper portions of the Blake Plateau. Modestly ele-
vated mixed layer thicknesses are also found in the Florida Strait where Seim et al. [1999] and Winkel et al.
[2002] found distinct homogenous bottom layers up to 60 m thick.
Formation of bottom mixed layers from an initial state of stable stratiﬁcation requires kinetic energy from
the local ﬂow (i.e., the Gulf Stream) to be converted to potential energy in the bottom mixed layers. The
change in potential energy due to formation of bottom mixed layers is ΔPE =∫ 0−H Δ𝜎𝜃gz dz, where the Δ𝜎𝜃
is the diﬀerence between observed potential density proﬁles and corresponding “premixed” potential den-
sity proﬁles, g is gravity, andH is the bottomdepth.We estimate a premixed density gradient near the seaﬂoor
by combining all observed proﬁles of potential density anomalies relative to the densest measurements in
each proﬁle as a function of height above bottom. The average of such proﬁles is remarkably linear within
400 m of the seaﬂoor, so we use a least squares ﬁt to obtain a constant near-bottom density gradient of
𝜕𝜎𝜃
𝜕z
=−0.002 kgm−3 m−1. Complete mixing of an initially linear density proﬁle results in a change in potential
energy ofΔPE=− g
12
𝜕𝜎𝜃
𝜕z
Δz3ml, whereΔzml is the thickness of the resulting mixed layer and mass (i.e., the aver-
age density in the layer) is conserved (see supporting information S1). Since this change in potential energy
is proportional to the cube of the mixed layer thickness, our estimates of the potential energy change asso-
ciated with converting a uniformly stratiﬁed water column to the observed bottommixed layer features vary
over more than an order of magnitude (Figure 5f ). Estimates ofΔPE exceed 4000 J m−2 for individual proﬁles
(e.g., 4052 Jm−2 for the proﬁle highlighted in Figure 5) and average 2529±739 Jm−2 in the 0.5∘ × 0.5∘ boxnear
the Charleston Bump (Figure 5f ) that has the largest mean bottom mixed layer thickness (Figure 5e). These
estimates of energy required to form the observedmixed layers are conservative for two reasons: (1) inclusion
of proﬁles with bottommixed layers in our estimate of 𝜕𝜎𝜃
𝜕z
lowers the estimate of the premixed density gradi-
ent by approximately 20%; and (2) the estimate ofΔPE neglects the energy required for partial mixing above
thebottommixed layer,whichmust occur since sharpdensity gradients above themixed layers (e.g., Figure S1
in the supporting information) are generally not observed. For the example proﬁle in Figure 5c, a premixed
density proﬁle with 𝜕𝜎𝜃
𝜕z
=−0.002 kg m−3 m−1 would have to extend 37 m above the bottom mixed layer to
conserve mass and be statically stable (Figure 5c, red proﬁle); the change in potential energy over the full-
depth proﬁle increases to 4451 J m−2, a 10% increase over the estimate based only on the observed mixed
layer thickness.
Consistent with the laboratory experiments of Dossmann et al. [2016], we attribute the formation of the thick
bottommixed layers reported here to turbulentmixing in the lee of topographic features encountered by the
Gulf Stream. Nash andMoum [2001] detailed similar elevatedmixing in the lee of a small bank on the Oregon
continental shelf. We note that our estimates of the potential energy change associated with converting a
uniformly stratiﬁed water column to the observed bottom mixed layer features (Figure 5c) are several times
larger than the total energy in the high-frequency internal waves (Figure 4b), in line with the conclusion of
Dossmann et al. [2016] that midwater column mixing due to lee wave radiation is limited to intermediate
topographic Froude numbers (Ftopo∼1 − 2). With topographic Froude numbers less than unity over portions
of Blake Plateau, the ﬂow over the larger topography (e.g., the Charleston Bump) is likely to form stratiﬁed
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hydraulic jumps and associated static instabilities downstream of topography as well as shear instabilities.
Both of these turbulent processes lead to energy dissipation and mixing [Klymak and Gregg, 2004; Inall et al.,
2005] and are likely mechanisms contributing to formation of the thickest bottom mixed layers observed by
gliders over Blake Plateau.
4. Summary
Spray gliders provide high-resolution transects across the Gulf Stream along the U.S. East Coast. Despite their
slow speed, the gliders are able to navigate back and forth across the Gulf Stream as they are advected
downstreamby it (e.g., Figure 1c). Sustained glider surveys in theGulf Streamoﬀer the opportunity ﬁll a signif-
icant gap in subsurface monitoring of the Gulf Stream between the Florida Strait [Baringer and Larsen, 2001;
Shoosmith et al., 2005] and the M/V Oleander line that samples between New Jersey and Bermuda [e.g., Flagg
et al., 2006] and serve as amodel for autonomous sampling in western boundary currents to complement the
basin-scale coverageof theArgoprogram [e.g.,Riser et al., 2016]. Additionof observations fromongoing Spray
glider surveys will eventually allow construction of a robust, high-resolution climatology of the Gulf Stream
along the U.S. East Coast.
Observations from 10 Spray glider missions in the Gulf Stream highlight twomechanisms by which energy is
extracted from the gyre-scale ﬂow. As the Gulf Stream ﬂows over the varied topography of the Blake Plateau,
internal lee waves with frequencies near the buoyancy frequency are generated (e.g., Figure 3) and bottom
mixed layers with thicknesses exceeding 100 m are formed (e.g., Figures 5a–5d). The spatial coverage of the
glider surveys demonstrates that bothmechanisms aremost prevalent in the vicinity of the Charleston Bump,
a prominent topographic feature encountered by the Gulf Stream near 31.5∘N (Figures 4, 5e, and 5f), and we
are able to estimate the energy in both the high-frequency waves and the bottommixed layers. Much of the
spatial variability in internal waves (Figure 4) and bottom mixed layers (Figures 5e and 5f) may be attributed
to temporal variability in Gulf Stream strength, position, and orientation relative to the bathymetry [e.g., Bane
and Dewar, 1988]. The glider observations lack the vertical and temporal resolution to directly measure tur-
bulent mixing associated with these features, and the gliders are unable to hold station in the Gulf Stream to
observe temporal evolution of the internal wave ﬁeld and bottom mixed layers; a process study focused on
internal wave generation and near-bottommixingwith appropriate instrumentation is warranted. These pro-
cesses that remove energy from the Gulf Stream, along with the elevated internal wave activity reported by
Clément et al. [2016] as eddies impinge upon the western boundary near 26.5∘N, highlight the importance of
western boundaries as locations where the energy input to the oceans at large scales is transferred to smaller
scales and ultimately dissipated.
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